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Electrons in materials with linear dispersion behave as massless Weyl- or Dirac-
quasiparticles, and continue to intrigue physicists due to their close resemblance to 
elusive ultra-relativistic particles as well as their potential for future electronics1–3. Yet 
the experimental signatures of Weyl-fermions are often subtle and indirect, in 
particular if they coexist with conventional, massive quasiparticles. Here we report a 
large anomaly in the magnetic torque of the Weyl semi-metal NbAs upon entering the 
“quantum limit” state in high magnetic fields, where topological corrections to the 
energy spectrum become dominant. The quantum limit torque displays a striking 
change in sign, signaling a reversal of the magnetic anisotropy that can be directly 
attributed to the topological properties of the Weyl semi-metal4–6. Our results establish 
that anomalous quantum limit torque measurements provide a simple experimental 
method to identify Weyl- and Dirac- semi-metals. 
The observation of electrons behaving as Dirac- and Weyl-fermions in condensed matter1 
systems such as graphene7, surface states of topological insulators8, Dirac semi-metals such 
as Na3Bi
9,10, Cd3As2
11,12 and the mono-pnictides class of Weyl semi-metals (Ta,Nb)(As,P)13–15 
has sparked considerable excitement. The research interest is partially fueled by the 
technological potential of these materials in devices exploiting the relativistic nature of the 
electrons, such as ultra-high mobilities, the topological protection from back-scattering and 
the massless behavior of charge carriers. In addition, these material classes give us the 
opportunity to test concepts and predictions that have been put forward to describe massless 
fermions in high energy physics, for example the “chiral anomaly”14,16. Given the wealth of 
novel phenomena in these materials, it is important to find clear experimental signatures that 
can help identify new compounds as Weyl and Dirac systems. Here we show that the non-
zero Berry’s phase in Weyl semi-metals manifests itself as a magnetic torque anomaly at the 
quantum limit. Strong magnetic fields quantize the electronic motion perpendicular to the field 
onto Landau levels of energy;  
𝜀𝑛,𝑘 = {
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2
2𝑚
      Trivial metal 
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 (1) 
, where 𝑒 denotes the electron charge, 𝑛 the Landau level index, 𝑚𝑒𝑓𝑓 the effective electron 
mass, 𝑣 the Fermi velocity, and 𝑘𝑧 the momentum component along the magnetic field B. In 
usual metals, the quantum correction term 𝛾 takes the value ½17, but in Weyl systems it 
attains a contribution known as Berry’s phase5,18, such that 𝛾 = 0. This is a topological 
property that depends only on the existence of Weyl nodes and not on the details of the band 
structure.  
One obvious consequence is the behavior in the last Landau level (n=0): While these states 
in a normal metal continue to gain energy linearly with increasing field strength, those in 
Weyl-metals become independent of the magnetic field (𝑛, 𝛾 = 0). The magnetization per 
electron of a normal metal at zero temperature in the quantum limit saturates to a field 
independent value 𝑀𝑛=0 = −
𝜕𝐸0
𝜕𝐻⁄ = −
ℏ𝑒
𝑚𝑒𝑓𝑓
 𝛾, while in the Weyl case the magnetization of 
the conduction electrons vanishes, 𝑀𝑛=0 = 0. While the saturating magnetization of normal 
metals yields a smooth evolution of the torque at the quantum limit, the collapse of the 
magnetization in Weyl metals leads to a torque anomaly19,20. Similar argument have 
explained an anomalous magnetization of LaRhIn5 in the quantum limit, where a different 
type of topological defect (band-crossing line) generates Berry’s flux21–23.   
NbAs was chosen as a candidate Weyl semi-metal to search for the magnetic anomaly at the 
quantum limit24. The small Fermi surfaces of this material allow us to reach and exceed the 
quantum limit for a large angle range in static magnetic fields up to 45T and pulsed magnetic 
fields up to 65T. Similar to the recently investigated related phosphides NbP and TaP, NbAs 
is expected to host both trivial electrons and Weyl fermions on different Fermi surface 
sheets13,25. We have measured resistance and magnetic torque of single crystals of NbAs 
using both capacitive and piezo-resistive cantilever torque techniques in pulsed and dc-
fields, and find quantitative agreement between different samples (see Methods). The 
magnetic torque 𝜏 = 𝑀(𝐻) × 𝐻 is a direct measure of the magnetic anisotropy of a crystal 
(𝜒⊥ − 𝜒∥) and as such most sensitive to even small changes in the magnetic response at 
high fields. 
Figure 1 contrasts the torque and resistivity of NbAs in high fields, highlighting the main 
experimental observation: at the quantum limit, the magnetic torque shows a well-defined 
kink and a cross-over to a sizeable, linear increase without a sign of saturation up to the 
highest accessible fields in this experiment of 65T. The position of the break in slope in the 
torque around 20T (for fields 25° off the c-axis towards the a-axis) matches well the observed 
extremal Fermi surface cross-section from the low-field quantum oscillation measurements 
and the position of the last quantum oscillation of the resistivity, providing independent 
confirmation that the torque anomaly coincides with the quantum limit. Two close-by 
frequencies, F1 and F2, are observed in NbAs, in agreement with band structure calculations 
predicting the presence of both trivial and non-trivial Fermi surface sheets14. The limited field 
window prevents a clear identification of the Fermi surface responsible for the torque 
anomaly, yet a previous quantum oscillation study associated the smaller frequency, F1, with 
Weyl fermions26. 
The transverse magnetoresistance is very large, similar to recent reports in topological 
metals14,15,27, reaching a 
Δ𝑅
𝑅
~9320 from 𝜌(0𝑇) = 0.3𝜇Ω𝑐𝑚 to 𝜌(45𝑇) = 2833.3𝜇Ω𝑐𝑚. Yet the 
smoothly saturating resistivity remains featureless as the system crosses the quantum limit, 
in strong contrast to the torque. 
The Fermi surface anisotropy leads to an angle dependence of the quantum limit field (Fig 
2). The extremal cross-sections of the Fermi surfaces grow from 16T for fields aligned with 
the crystal c-axis to 80T as the field is tilted towards the a-axis. The position of the kink in the 
magnetic torque is found to coincide with the quantum limit field obtained by dHvA 
frequencies over the whole angle range up to 65° (Fig 2c), above which the quantum limit 
exceeds the maximal fields available in this experiment of 65T. The break in slope of the 
magnetic torque thus is clearly associated with the transition into the ultra-quantum limit 
(n=0). 
In addition to the distinct change in behavior above and below the quantum limit, the torque 
also changes sign. A reversal of the sign of the magnetic torque 𝜏 ∝ (𝜒⊥ − 𝜒∥) sin (2𝜃) 
indicates that either the anisotropy or the sign of the induced magnetization is inverted in 
high-field state of NbAs compared to its low field value. Figure 3 shows the angle 
dependence of the torque at fixed fields, in the high-field (60T) and low-field (10T) region as 
well as an intermediate field value (30T). Both the high- and low-field torque follows a sin (2𝜃) 
dependence, as expected for metals without permanent magnetic moments. The phase of 
these sines, however, is changed by 𝜋, which again shows the reversal of the anisotropy 
between the high- and low-field state. This reversal occurs directly at the quantum limit, as 
evidenced by the strong deviation from sin (2𝜃) of the torque at intermediate fields. At low 
angles close to the c-axis and fields of 30T, the system is above the quantum limit (compare 
with Fig 2). As the field is rotated towards the a-axis, the torque increases tracking the high-
field behavior. At the same time the quantum limit field increases upon tilting the field 
towards the a-axis due to the anisotropy of the Fermi surface, and reaches 30T at around 
45°. At this point, the system crosses into the low-field state as the quantum limit is pushed 
above 30T, which is accompanied by a sudden drop of the torque crossing through zero and 
reaching the same amplitude on the negative side. As the angle is increased further, the 
torque now tracks the low-field behavior. This firmly establishes that an abrupt reversal of the 
magnetic anisotropy occurs at the quantum limit. 
To model this torque reversal, we begin by computing the magnetization for an idealized 
isotropic Weyl node: 𝑀𝑖𝑠𝑜(𝐻) = −
𝑑𝐸0
𝑑𝐻
, where 𝐸0(𝐻) =
𝑒𝐻
2𝜋ℏ𝑐
∑ sgn(𝑛)𝜀𝑛,𝑘𝑛,𝑘 𝑛𝐹(𝜀𝑛,𝑘 − 𝜇), is the 
ground state energy, and the Fermi-function 𝑛𝐹 restricts to occupied orbitals. The chemical 
potential, 𝜇, is determined by the total particle density, 𝜌, (measured relative filling up to the 
Weyl node) via the relation: 𝜌 =
𝐻
2𝜋
∑ 𝑛𝐹(𝜀𝑛,𝑘 − 𝜇)𝑛>0,𝑘  . The valence band states (n<0) are far 
from the quantum limit and contribute a non-oscillatory diamagnetic response 𝑀𝑛<0 ≈
−
𝑣𝐻
4𝜋4ℏ𝑐
log Λ
2
𝐻
, where Λ is the characteristic momentum at which the dispersion deviates from 
its linear relativistic form. The low-density conduction states (𝑛 > 0) initially contribute a 
paramagnetic response that dies away for increasing field as the occupied conduction states 
are subsumed into the 𝑛 = 0 level, whose energy is field-independent. To model the torque 
measurements, the results of this simplified isotropic model can be related to the more 
realistic case with anisotropic velocities along the c- and a,b- axes: 𝑣𝑐 = 𝜆𝑣𝑎,𝑏 by a simple 
rescaling: 
𝑴(𝐻, 𝜃) =
𝜆−2 cos 𝜃𝑥+sin 𝜃?̂?
√cos2 𝜃+𝜆2sin2 𝜃
𝑀𝑖𝑠𝑜(𝐻√cos2 𝜃 + 𝜆2sin2 𝜃) (3) 
We note that comparing the quantum-limit field for 𝜃 = 0°, 90° from the quantum oscillation 
spectrum (Fig. 2c) yields an anisotropy parameter 𝜆 ≈ 0.4.  The sign reversal of 
magnetization and torque due to the conduction bands entering the quantum limit matches 
that observed experimentally. The residual diamagnetic contribution beyond the quantum 
limit comes from the valence band electrons, and will be enhanced by additional pockets of 
massive non-relativistic electrons – if present as in the case of NbAs (Figure 4). 
This torque reversal at the quantum limit is a direct consequence of the Berry’s flux 
contained in the Fermi surface and does not depend on the details of the band-structure, and 
as such is linked to the non-trivial topology of Weyl semi-metals. As the quantum limit is in 
experimental reach for the small Fermi surfaces around Weyl- and Dirac-points, high field 
torque measurements provide a promising experimental tool to identify new compounds as 
topological metals. 
 
Methods 
Crystal Synthesis - NbAs single crystals were grown by chemical vapor transport using 
iodine as the transport agent. First, NbAs powder was prepared by heating a stoichiometric 
mixture of Nb powder and As pieces sealed in a quartz tube under vacuum. The ampule was 
slowly heated up to 700°C and kept at this temperature for 3 days. Then 2 grams of NbAs 
powder was mixed with 0.5 gram of iodine and sealed in a quartz tube. The sealed ampule 
was loaded into a horizontal tube furnace for 10 days. The temperature of the hot end was 
maintained at 950°C and that of the cold zone was approximately 850°C. Several well 
facetted crystals were obtained inside the quartz tube. The crystal structure was verified 
using room temperature x-ray diffraction. 
Torque Measurements - The magnetic torque was measured at the National High Magnetic 
Field Laboratory using CuBe cantilevers with capacitive readout in steady fields up to 45T, 
and in pulsed fields up to 65T using piezoresistive cantilever (SEIKO-PRC120). As the 
torque becomes substantial beyond the quantum limit, the resulting large deflection angle 
can drive both techniques out of their linear response regime. To correct for deviations from 
non-linearity, field-sweeps of positive and negative polarity were averaged. 
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Fig. 1: Magnetic Torque and resistivity of NbAs across the quantum limit. (a) The low-
field torque follows the conventional quadratic behavior and shows strong quantum 
oscillations up to the quantum limit (orange line). At higher fields, the torque grows strongly in 
magnitude and is approximately linear in field and crosses zero, signaling a reversal of the 
magnetic susceptibility. In contrast to the torque, there is no change in behavior in the 
smoothly saturating magnetoresistance beyond the last quantum oscillation. The quantum 
limit field is self-consistently determined through the analysis of the de Haas-van Alphen 
oscillation, indicating two close-by extremal orbits F1 and F2. 
 Fig. 2: NbAs magnetic anomaly. (a) Angle dependence of the torque in high magnetic 
fields at 4K, tilting the field from the c-direction (0°) towards the a-direction (90°). A clear 
break in slope at the quantum limit is observed in all traces up to 65°. (b) The quantum limit 
as a function of field angle was determined by Shubnikov-de Haas oscillations. The 
oscillations contain a large harmonic contribution, leading to pronounced higher harmonics in 
the FFT spectrum. (c) The quantum limit tracks well the torque anomaly at all angles where it 
is experimentally accessible. 
 Fig. 3: Magnetic anisotropy reversal at the quantum limit. The angle dependence of the 
torque measured at three different field levels: At 10T in the low field regime, in the high field 
regime at 60T above the quantum limit for most angles, and at 30T in an intermediate 
regime. The torque in the low- and high-field regions both follow a sin (2𝜃) dependence, yet 
the phase shift signals a reversal of the magnetic anisotropy (𝜒⊥ − 𝜒∥) in the two regimes. 
This change in the magnetic anisotropy is most evident in the intermediate field region, 
where the system crosses the quantum limit as a function of angle. At low angles, the system 
follows the high-field anisotropy, then suddenly transitions into the low-field anisotropy at 
high angles where the quantum limit exceeds 30T, leading to pronounced deviations from the 
usual sin (2𝜃) behavior. Small deviations from the sign reversal between the 10T and 60T 
torque may appear due to the eventual cross-over into the low-field regime even at 60T at 
high angles, and the field dependence of the susceptibility. 
 Fig. 4: Comparison to calculated high field torque. (a) The torque response form a Weyl 
metal was calculated using eq. 3 and is contrasted to the expected torque for a trivial metal 
of similar Fermi surface size. In the trivial metal, the direction of the torque is simply given by 
the magnetic anisotropy, thus the low-field (dashed line) and the high-field torque point in the 
same direction. In contrast, the Weyl torque response at low fields is dominated by the 
charge carriers above the Weyl point. These become magnetically inactive at the quantum 
limit in the field-independent n=0 state where the weaker but opposite response of the 
valence states takes over and leads to the sign change of the torque. (b) The calculation 
matches well with the experimental observation. The only free parameters are the absolute 
magnitude of the susceptibility, and the momentum cutoff Λ~1Å−1 as described in the main 
text. Importantly, this calculation is based on an ellipsoidal Fermi surface ignoring the 
complex band structure of NbAs, which again highlights the topological origin of the torque 
anomaly.  
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